Overview of Nuclear Models
In the following sections, nuclear models are described that have been used in previous works, as well as in the present Report, for calculating nuclear reaction cross sections. To put these models in perspective, an overview is presented here of the physical features they emphasize. Since the nature of the nuclear force (including its origin in quark and gluon interactions) is not fully understood and nuclei consist of nucleons interacting through complicated many-body interactions, a comprehensive theory of nuclear reactions and nuclear structure derived from fundamental principles, with good predictive abilities, does not yet exist. Instead, nuclear physics researchers often develop models which emphasize one or more physical features over others, depending on the context of the investigation. Model examples include compound nucleus, direct, and various preequilibrium nuclear reaction theories, including exciton and intranuclear cascade semiclassical models and quantum mechanical multistep approaches. The drawbacks inherent in emphasizing certain physical aspects over others are partly compensated by a corresponding insight, and mathematical simplicity, exhibited by a given model.
Many different interaction mechanisms can occur when a nucleon of a few hundred MeV or below strikes a target nucleus. At low incident energies, nuclear reactions take place by the compound nucleus process, in which the incident particle is captured by the target nucleus and its energy is shared statistically among all the nucleons of the compound system. After a time much greater than the nucleonnucleon interaction time, the compound nucleus equilibrates and attains its ground state by gammaray emission, usually following the emission of one or more particles. As the incident energy increases, it becomes more likely that particle emission will take place in the first stage of the reaction, when the incident particle interacts with the target nucleus as a whole (for example, a collective excitation) or a nucleon within it. These direct reactions occur on a time scale much faster than compound nucleus reactions, of the order of the transit time of the incident particle through the nucleus. Many theories have been developed to enable the cross sections of direct reactions to be calculated, and they facilitate an understanding of elastic and inelastic scattering, and particle transfer reactions. However, experimental and theoretical research in the last few decades has shown that particle emission can take place with a timescale longer than the very rapid direct reactions (about 10-22 sec) but much shorter than the slower compound nucleus reactions (about 10-16 to 10-18 sec). These emission processes are known as preequilibrium or multistep reactions, and are characterized by particles emitted with relatively high energies and with angular distribut ions that are peaked in the forward direction.
There are two main approaches for calculating the decay of excited equilibrated nuclei that have been used for modeling nuclear reactions on light biologically important elements: the compound nucleus Hauser-Feshbach theory (Hauser and Feshbach, 1952) (as used in this Report); and the Fermi break-up theory (as used, for instance, by Brenner and Prael (1989) ). Both use statistical arguments in their derivation, and can use experimental information on the excited nuclear level structure of the residual nuclei. The compound nucleus t heory invokes detailed balance to predict particle and gamma-ray decay rates in terms of transmission coefficients for penetrating the nuclear potential barrier (obtained from the inverse process of a particle incident on a nucleus), and nuclear level densities of the residual and decaying nucleus (the phase space for the reaction). Many-body break-up processes are assumed to proceed through sequential two-body break-ups. Fermi break-up models, on the other hand, determine the decay probabilities from the statistical weights for different break-up channels, t ypically without following all possible intermediate excited states. In fact, both approaches tend to work reasonably well in nuclear reaction calculations and comparisons with measurements have not been able to indicate a clear preference (Subramanian et al. (1983 , 1886 ), and Chadwick et al. (1996 Chadwick and Young (1996) . The formal relation between these two models has been described by Epherre et al. ( 1969) .
Numerous models have been developed to account for the high-energy preequilibrium particles that make up the "continuum" region of the secondary particle emission spectra above the evaporation peak, for incident energies above approximately 10 MeV. Beginning in the 1940's, intranuclear cascade (INC) models were developed that use Monte Carlo techniques to simulate nucleon-nucleus reactions in t erms of individual successive nucleon-nucleon collisions. The INC theory makes use of free nucleon-nucleon experimental cross sections, and accounts for Fermi motion of the nucleons and the effects of the Pauli exclusion principle in a semiclassical manner, following the trajectories of the nucleons in coordinate and momentum space. Perhaps the most questionable assumption within the INC model is the use of free -space nucleon-nucleon cross sections for scatterings that take place within a nuclear medium. This assumption is mos t a ccurate at high incident ener-gies (above approximately 100-200 MeV). However, some authors, such as Brenner and Prael (1989), have had some success with INC calculations even at energies as low as 20 Me V.
Other widely used semiclassical preequilibrium reaction models are the exciton (Griffin, 1966) and hybrid (Blann, 1973) models. Griffin's work provided an explanation of the high-energy emitted particles first observed in the measurements of Wood et al. ( 1965) . These models also picture the evolution of the nuclear reaction in terms of successive nucleonnucleon collisions, but do so within a particle-hole, or exciton, formalism (nucleons excited from within the Fermi sea leave a hole). The exciton and hybrid models differ in terms of the statistical postulates made to treat the evolution of the reaction (Gadioli and Hodgson, 1992) . In both models, the reaction is usually followed in energy space, which simplifies the calculations and leads to closed-form equations. Emission probabilities from particle-hole excitations are obtained by applying detailed balance, making use of inverse reaction cross sections and the phase space of particle-hole excitations. The bulk of the calculations presented in this Report were performed using the exciton model for the preequilibrium phase of the reaction: its predictive capability for reactions up to a few hundred MeV is good, and it requires a relatively small amount of computer time.
In recent years, quantum mechanical theories have been developed to describe preequilibrium processes. Various theories have been proposed which differ in the underlying quantum statistical assumptions made. The most widely studied theory is that of Feshbach, Kerman, and Koonin (FKK) ( 1980), due to its relatively straightforward computational structure. This theory partitions the reaction process into two types of scattering: multistep compound (important at the lowest incident energies), and multistep direct (important at higher incident energies). The multistep direct reaction mechanism, which is most important for incident energies above 20 MeV, predicts multistep scattering cross sections in terms of a convolution of the 1-step scattering cross section, an attractive result that follows from the statistical assumptions (particularly the random phases of matrix elements) made by FKK. The I-step cross section is obtained by extending direct reaction distorted-wave-Born-approximation (DWBA) theory into the continuum. One of the main advantages of quantum mechanical theories is that they accurately predict the angular distributions of preequilibrium ejectiles, which are governed by inherently quantum effects such as diffraction and refraction. In most cases, semiclassical exciton models can only compete in predictive power with the FKK theory because they use angular distributions from phenomenological systematics based on measurements (Kalbach, 1988) . For some of the nuclei studied in this Report , the FKK theory was used. However, the long computer time required for its computation makes it somewhat impractical for large-scale calculations. The FKK theory is, however, useful for comparisons with the exciton model to help validate its predictions.
The optical model is another nuclear reaction model that is widely used in this Report, particularly for determining elastic scattering and total cross sections, and transmission coefficients (needed for the Hauser-Feshbach calculations). The nucleus is considered to provide a nuclear potential in which the projectile nucleon moves that is complex, having real and imaginary terms. The scattering solutions to the Schrodinger equation are then determined. Elastic scattering off the nucleus can occur, and diffractive effects in the elastic angular distribution are obtained. The imaginary term in the potential accounts for all nonelastic processes by leading to a damping of the projectile wavefunction. While this model, therefore, predicts the total reaction cross section, it does not provide information on the subsequent nonelastic partial cross sections for various decay channels-for this, the aforementioned compound nucleus and preequilibrium reaction models are needed.
Certain properties of nuclear structure are utilized in nuclear reaction model calculations. At low excitation energies, the properties of discrete nuclear levels are known for most of the stable nuclei from measurements (e.g., their energy, spin, parity, deformation, and decay properties). These are used in calculations of equilibrium particle and gamma-ray decay where angular momentum and parity conservation are included (as in the Hauser-Feshbach theory). These properties are also important in direct reaction calculations, such as inelastic scattering and particle tra nsfer reactions to low lying nuclear levels, where the angular momentum, and the specific structure of the excited nuclear level, strongly influence the magnitude of such processes.
At higher excitation energies, the density of nuclear levels rapidly increases, and individual levels cannot be resolved experimentally. Instead, statistical models of the properties of excited nuclei are invoked, and the nucleus is described in terms of the energy, spin, and parity dependence of the level density. Numerous theories exist for calculating nuclear level densities, typically having been derived from thermodynamics and statistical mechanics arguments. All include a rapid increase in the level density with increasing excitation en ergy (approximately increasing as the exponential of the square-root of energy). More sophisticated models, such as that of lgnatyuk et al. (1975) , account for the dependence of the level density on shell effects (near closed shells the nuclear single-particle levels are widely spaced at the Fermi level so that the level density is reduced, though this effect is damped out at higher excitation energies), and rotational and vibrational collective effects which enhance the level density. One reason for the profusion of different level density theories is the lack of experimental information to constrain them: the density at very low excitation energies is known from the measured discrete levels, and the density at approximately 7-8 MeV is known for many nuclei from neutron resonance spacing measurements, but at other energies the experimental information is sparse. Thus, even the most current theoretical models of the level density can disagree, sometimes widely, at many regions of excitation energy. Level densities are important in Hauser-Feshbach calculations because particle emission probabilities are proportional to the accessible phase space, that is, the level density.
Previous Work
There are several previous uses of nuclear model codes to estimate cross sections for neutrons and protons incident on biologically important elements. The approaches can be classed as: (1) Use of compound nucleus theory with preequilibrium and direct reaction mechanisms (as in the present Report);
(2) Application of the intranuclear cascade (INC) model with evaporation or Fermi-break-up equilibrium decay; and (3) Extensions ofENDF evaluations existing below 20 Me V to energies above 20 Me V In the reports described in the following, only those of Dimbylow ( 1982) , Brenner and Prael (1989) , Tang et al. (1990) , Gorbatkov et al. (1997 ), and Harada et al. (1997) present detailed comparisons with measured secondary emission spectra and kerma coefficients.
Calculations Using Compound Nucleus and Preequilibrium Theories
In addition to the calculations in this Report (Chadwick and Young, 1996; Chadwick et al., 1996 Chadwick et al., , 1999a Chadwick et al., , 1999b , Dimbylow ( 1982) and Young et al. (1990) used preequilibrium models with Hauser-Feshbach compound nucleus decay to study neutron reactions on biologically-important elements. Dimbylow (1982) used an early version of the GNASH code (Young et al., 1992) , and he compared the model calculations with the cross section a nd kerma measurements by Subramanian et al. (1983) . Even though the calculations did not reproduce the details of the preequilibrium spectral shapes very well, the res ulting kerma coefficients were reproduced fairly accurately. These deficiencies were due to the use of rather crude preequilibrium models in that early code, as well as the omission of multiple preequilibrium processes. Young et al. (1990) performed model calculations using a more recent version of the GNASH code for incident neutron and proton ener-gies up to 100 MeV However, because of the large number of nuclides evaluated in this study, detailed comparisons with emission spectra and kerma factors were not shown. Finally, a recent paper by Gorbatkov et al. (1997) presented cross section and kerma coefficient calculations based on t he geometrydependent hybrid model (Blann, 1973) , together with evaporation decay processes from the Weisskopf-Ewing theory; the resulting kerma coefficients appear to be rather similar, in many cases, to those reported here.
Calculations Using lntranuclear Cascade Models
Intranuclear cascade (INC) calculations with either evaporation or a Fermi break-up compound nucleus decay have been described by Alsmiller and Barish (1977) , Wells (1979) , Behrooz and Watt (1981) , Morstin et al. (1988 ), Brenner and Prael (1989 ), Tang et al. (1990 and Savitskaya and Sannikov (1995) . While the physical assumptions made in these models do not hold well below 100 MeV, some analyses have shown (Brenner and Prael, 1989 ) that they can provide a reasonably good description of experimental data. Many of these calculations were, however, performed prior to the measurements by Subramanian et al. (1983 Subramanian et al. ( , 1986 , and only the papers by Brenner and Prael and by Tang et al. show extensive comparisons with experimental charged-particle spectra for neutrons incident on C, N, and 0. Brenner and Prael recognized that nuclear models specifically designed for light nuclides must be used to obta in satisfactory results, a nd included models for direct (high-energy) deuteron and alpha-particle emission. They also included nuclear structure information for the decaying nuclei in the Fermi break-up (but not in the INC) calculations. Unlike the present Report, Brenner and Prael did not include elastic or inelastic coupled-channels scattering in their analyses, and did not present results for gamma-ray production. Recently, Seltzer (1993) applied Brenner and Prael's INC code to s tudy proton reactions on oxygen up to 200 MeV for applications in proton radiotherapy.
Extensions of ENDF Evaluations
Caswell et al. (1980) extended the evaluated ENDF libraries from 20 MeV to about 30 MeV using optical model results to obtain the tota l, elastic, and nonelastic cross sections. But, as t h ese authors point out, many of their partial cross-section extrapolations were not based on either model calculations or measuremen ts and must be considered somewhat speculative. More recently, Axton ( 1992) used a global statistical model to evaluate the best possible representation of measur ed cross sections for neu-tron reactions on carbon, but again, this approach faced difficulties in assessing unmeasured partial cross sections above 20 MeV since nuclear reaction model calculations were not performed. These evaluations tend to predict total kerma coefficients that are higher than measurements for neutron energies between 26 and 32 MeV. Chadwick et al. (1996) have shown that the difficulties Axton found in determining partial reaction cross sections above 20 Me V can be resolved by the use of the GNASH nuclear model code: this predicts higher (n,p), (n,d), and (n,np) cross sections (due to preequilibrium processes) and consequently there is no need for the improbable 12 C(n, 6 Li)7Li channel postulated by Axton. Pearlstein (1993) has presented an evaluation of neutron and proton reactions on carbon up to 10 GeV using INC methods along with systematics. Some of Pearlstein's calculated production cross sections, such as those for neutron and alpha emission, are in qualitative agreement with the results given in the present Report, though there are significant differences for proton, deuteron, and gamma emission. Recently Harada et al. (1997) have described their comprehensive evaluation of neutron reactions on carbon up to 80 MeV using the SCINFUL Monte Carlo simulation code (Dickens, 1988) . This code uses inputted branching ratios for different nuclear reaction pathways estimated from experimental data, and the resulting evaluated data for carbon are in good agreement with the results in this Report (see Section 7). Finally, a program has begun in Europe to develop high-energy nuclear evaluated data files for technologies concerned with the accelerator-based transmutation of radioactive waste (Koning et al., 1998) . As in the present work, these evaluations are based on the GNASH nuclear modeling code.
The GNASH model calculations performed by Young et al. (1990), as described above in Section 6.2.1, were also used to produce neutron-and protoninduced ENDF-6 cross section evaluations up to 100 Me V. The main focus of this work was on cross sections for radiation transport calculations, and comprehensive information on recoil cross sections and energy distributions was not provided, preventing a complete calculation of kerma coefficients from these evaluations. However, the fact that a number of structural elements, a s well as beryllium, were included in this work has resulted in their application in radiation transport simulations of neutron therapy sources (Ross et al. , 1997) . Figure 7 .6 shows a comparison between the present work and previous evaluations in the ENDF format.
Calculational Methods in Present Report
The evaluated cross section data given in the present Report, for neutrons from 20 to 150 MeV and for protons at a ll energies, were generated with nuclear model calculations and used measurements as benchmarks. The Los Alamos GNASH model code (Young et al., 1992) was used for this purpose, along with the optical model codes ECIS (Raynal, 1994) and SCAT (Bersillon, 1978) . A recent code intercomparison, organized by the Nuclear Energy Agency of the Organization for Economic Cooperation and Development (Blann et al., 1994) , judged the GNASH code to be one of the most accurate codes available for modeling nuclear reactions below 200 MeV. Details can be found in Chadwick and Young (1996) and Chadwick et al. (1996) and in the GNASH code manual (Young et al., 1992) . A summary of the cross section evaluations is given by Chadwick et al. ( 1999a) , and the collection of ENDF-formatted electronic files being known as the "LA150 library."
Use of Experimental Data to Optimize Model Calculations
The present Report places more importance on the available measurements to optimize the model calculations than the calculations described in Section 6.2. The reason for this is that nuclear model calculations of reactions on light, biologically important, elements are difficult, because statistical assumptions in nuclear theory fail when the spacing between nuclear levels is large . The use of measurements to guide the calculations permits the development of appropriate nuclear models that account for the existing data and that can be used with some confidence to predict cross sections in cases where there are no experimental data. For example, nuclear optical model analyses were used to determine the total, total elastic and nonelastic cross sections, and the elastic angular distributions. However, in some cases, the optical model calculations predicted nonelastic cross sections that differed somewhat from the measured values. In these cases, a small adjustment to the calculated nonelastic cross sections and to the optical model transmission coefficients produced consistency with the measurements. Another important case where experimental data served to guide the evaluations is in the determination of preequilibrium spectra of secondary particles. Since there are measurements of such emission spectra (primarily below incident energies of70 MeV for neutron reactions), the results of preequilibrium calculations were modified in some cases to agree better with the data. This was done in a manner which conserves reaction flux and energy. Such an adjustment is particularly important for deuteron emission, where model calculations often underpredict the measured high-energy-deuteron emission cross sections. 6.3.2 Nuclear Models Used 6.3.2.1 Optical Models and Elastic and Inelastic Scattering. The total, elastic, total nonelastic, and inelastic scattering cross sections to lowlying nuclear states were determined through optical model analyses, which are also needed for generating transmission coefficients and wavefunctions in the equilibrium and preequilibrium calculations. Depending on the reactions studied, either spherical or deformed (coupled-channel) optical potentials were used. The present Report uses the analyses performed by the Ohio University group (Meigooni et al., 1984; Islam et al., 1988; Islam and Finlay, 1994) for neutrons with energies below 100 MeV on biologically-important elements, and at higher energies a nonrelativistic approximation (Chadwick et al., 1999a) to the medium energy global potential developed by Schwandt and Madland (Madland, 1988) . Proton potentials were obtained from the neutron potentials using the Lane model isospin transformation, namely modifying the (N -Z)/A term to -(N -Z)IA, with a Coulomb correction to the real central potential of 0.4Z/A 113 • For deuterons the Perey and Perey ( 1976), or the Lohr and Haeberli (1971) , potential was used, and for alpha-particles the optical potential of McFadden and Satchler (1966) was used. In certain cases, at high energies, a cluster optical potential was determined using the method of Watanabe, as implemented by Madland (1988) .
Elastic scattering processes are important because elastic scattering frequently constitutes more than 50% of the s cattering, and the scattered particle's energy and angular distribution must be known to describe the transport through matter. In addition, the recoil energy of the target nucleus contributes to the kerma (and absorbed dose). Since the kinetic energy transferred t o the recoiling nucleus varies inversely with its mass, the elastic partial kerma contribution can be significant for reactions on light nuclei.
Distorted-Wave-Born-Analyses (DWBA) served to determine inelastic scattering cross s ections for exciting low-lying levels in the target nuclei. For deformed nuclides such as carbon, a coupled-channel optical model analys is was u sed to determine these cros s sections. For spherical nuclei, deformation parameters for transitions to certain states were obtained from the literature and used within DWBA calculations to determine the inelastic scattering cross sections. The present Report uses directly the results oflslam and Finlay (1994) for neutron scattering on oxygen in the energy range below 70 Me V. 6.3.2.2 Preequilibrium Emission. Preequilibrium reaction theory pictures the interaction of a projectile nucleon with a target nucleus as t aking place through a number of stages of increasing com plexity. Initially, the projectile interacts with a nucleon within the nucleus, exciting a particle-hole pair. The excited nucleons may then undergo further interactions until all t he energy brought in by the projectile is shared among the target nucleons in an equilibrated state. Particles may also be emit ted in the early stages of the react ion. These preequilibrium secondary particles t ypically have high energy and a forward-peaked angular distribution. An accurate description of these processes is crucial for a correct determination of absorbed dose, since the preequilibrium ejectiles carry a large fraction of the kinetic energy. After the preequilibrium phase of the reaction, the residual nucleus (which is u sually left in an excited st at e) decays by equilibrium particle or gamma-ray emission.
The Feshbach-Kerman-Koonin quantum mechanical theory (Feshbach et al., 1980) , and the semiclassical exciton model, were the basis of calculations of preequilibrium nucleon emission. Preequilibrium deuteron and alpha clusters were obtained from the semiclassical model of Kalbach (1977) . Contributions from multiple preequilibrium emission (MPE) processes (when more than one part icle is emitted through a preequilibrium mechanism) become important for calculating emission spect ra and excitation functions for incident energies above 50 MeV (Chadwick et al., 1994) .
Equilibrium Emission.
The Hauser-Feshbach theory s erved to calculate equilibrium emission of particles and gamma rays. This calculation conserves angular momentum and parity in an open-ended sequence of evaporation decay chains. Tra nsmission coefficients for equilibrium particle decay were obta ined from optica l-model potentia ls. Gamma -ray transmission coefficients were obtained from the generalized Lorent zian model of Kopecky and Uhl (1990) . This model assumes that gammaray emission from an excited nuclear sta te can be obtained by detailed balance from gamma-ray absorption on a nucleus, which proceeds via the collective excitation of a giant resonance (Brink, 1955) . Kopecky and Uhl modified Brink's original theory to account for the differences between photoabsorption on an excited st ate compared to the ground state. Nuclear level densities, which en ter Ha user-Feshbach calculations because t hey represent the available phas e space for an emission process, were calculated from the Ignatyuk et al. (1975) model, a s implemented by Young et al. (1990) . This model uses a level density for m given by a constant-temperat ure dependence at low excitation energies and a Fermigas dependence at higher energies, and includes an energy-dependent Fermi-ga s level-density parameter. This allows for the physically expected behavior of a washing-out of shell effects with increa sing excitation energy, a nd permits level densities to be determined with increased accuracy in these highener gy calculations. Pa iring energies, which reduce the effective excitat ion energy available for the internal degr ees of freedom due to the energy needed to break nucleon pa irs, were obtained from systema tics wit h the Los Alamos extensions to ligh t nuclei (Cook et al., 1967; Arthur, 1983) . The con tinuum level density formulation was matched continuously onto discrete low-lying levels at the lower excitation energies: for each nucleus (including all intermediate and product nuclides) a level density an a lysis was perform ed to determine the matching p oint above which the experimental database of levels is incomplete , requiring the use of the statistica l level den sity model.
In the GNASH calculations summarized in this Report, 3H e ej ectiles were not included as a possible decay ch annel, neith er were triton ejectiles included in som e cases. This is because of the very sma ll magnitude of the emission cross sections of these par t icles, and their minor influence on the emission cross sections of oth er r eaction products. 6.3.2.4 Calculation of Recoils. For light target nuclei, t he nuclear recoil contribution to t he total kerma coefficient can be substantial, though , a s the incident energy increases, its relative contribution often decreases since preequilibrium light-particle emission becom es increasingly forward-peaked , so that the recoil kinetic energy is reduced. Nuclear r eaction codes such as GNASH typically provide information on the yields of heavy (A > 4) nuclides (recoils) , but not on their emission energy spectra. In consequen ce, the results presented by Chadwick and Young ( 1996) and Ch a dwick et al. ( 1996) did not specify recoil energy spectra, but instead gave the total en ergy trans ferred to the r ecoils, estimated from energy-balance con siderations. However, such estimates can involve significant uncertainties, since t hey r esult from the difference of large numbers. Furthermore, small u ncertainties in mass (e.g., n uclide production cross sections) res ult in large u ncertainties in kinetic energy when energy-balance is applied. A method recently developed (Chadwick et al., 1997a ; 1999a) to determine recoil emission spectra directly serves to overcome these problems. This model accoun ts for the fact tha t preequilibrium re action s result in only a p artial momentum tran sfe r, so t hat after a fast ejectile is emitted in the (typically) forward direction, the recoiling velocity of the residual excited nucleus is genera lly low. But after sequent ial evapora tions of light particles, the recoiling velocit y increases on average. The kinematical tr ansformations from the many different centerof-mass frames of t he sequent ially decaying excited nuclei in to the labor atory frame are determined in a computationally fast a nd accurate manner by using closed-form expressions (feasible due to the convenient simple analytic form of the angular distributions (Ka lbach, 1988) ). This a pproach predicts angleintegra ted emission spectra for each recoil t ype in the laboratory frame so th at t he recoil pa rtial kerma coefficient can be obtained .
Calculation of Kerma Coefficients

Above 20 MeV
Comparison of t he ca lcu lated tota l kerma coefficient as a function of incident neut ron ener gy with measurements is important for t he validation of the calculated cross sections. Kerma coefficients are obtained direct ly from the ca lcu lated cross sections (in the laboratory frame of reference). The total kerma coefficient is partitioned int o contr ibutions from the light (A ~ 4) seconda ry charged pa rticle s, the nonelastic recoils (A > 4), and th e elast ic recoils. Pa rtial kerma coefficients for each type of secondary charged particles ar e determined unambiguou sly from the product of their production cr oss sections and average kinetic energies, along with a conversion coefficient (to convert to units of Gy m 2 ) as described in Sec. 2.2.
Below 20 Me V
Since this Report uses nuclear reaction cross sections below 20 MeV from existing ENDF/B-VI evalua tions, k erma coefficients below 20 Me V a re derived from these evalua ted cross sections for cons istency. But unlike the situation above 20 MeV, where complete information on all charged-particle emission cr oss sections is given , a llowing an un ambiguous determination of the kerma coefficients, below 20 MeV th e ENDF/B evaluations, particula rly t he earlier versions such as ENDF/B-IV and ENDF/B-V were incomplete. This problem originates from two sources: ( 1) The ENDF/B evaluations, part icularly t he earlier ones, were generally produced for applications in neutron tr ansport, and energy deposition was not a primary concern, leading sometimes to sever al charged-particle cross sections being lumped into a single cross section-this would not a ffect neut ron transport but could give significan tly incorrect values for kerma coefficients; (2) In t h e earlier evaluations, p articula rly, some cross sect ion s were simply not known, or branching ratios to fina l states h a d not been measured. In a previous work, Caswell et al. (1980) described algorith ms developed to estimate kerma coefficients when weaknesses existed in t he data. Below, a different method, used in the calcula tion s in t h is Report, is descr ibed t h at uses an energy-balance method.
The Los Alamos NJ OY data processing code (Mac-Farlane, 1994) , which has been developed to process ENDF files into a form usable by radiation transport codes, calculates kerma coefficients using various a lgorithms to predict kerma in cases wh er e the evaluat ed data are incomplete. The NJOY code is capable of estimating kerma coefficients by applying an energy balance approach, which takes advantage of the fact that many ENDF evaluations give energy and angular distributions for the emitted neutrons and photons. The energy transferred to the chargedparticles is then inferred from energy balance. However, this approach requires that care be taken by the evaluator in evaluating the neutron and photon emission cross sections and spectra. Since ENDF files were often developed for neutron and photon transport applications, this is often the case.
Kerma coefficients determined using these methods often agree with measurements reasonably well at energies below about 15 MeV, but they frequently deviate from measurements in the 15-20 Me V region (where no experimental cross sections are available to constrain the evaluations). Therefore, the present Report recommends obtaining kerma coeffi-cients between 14.5 and 20 MeV by linearly interpolating between the NJOY-derived ENDF/B-VI 14.5-MeV kerma coefficient value and the new calculat ed results at 20 MeV. 6 Clearly, this results in an inconsistency between the recommended kerma coefficients and the microscopic ENDF/B-VI cross s ections in the 14.5-20 MeV region, but this procedure results in kerma coefficients that are continuous and in fairly good agreement with measurements over the whole neutron energy range (see the comparisons shown in Section 7).
